With the discovery that the Saccharomyces cerevisiae Rad51 protein is both structurally and functionally similar to the Escherichia coli RecA protein, the RecA paradigm for homologous recombination was extended to the Eucarya. The ubiquitous presence of RecA and Rad51 protein homologs raises the question of whether this archetypal protein exists within the third domain of life, the Archaea. Here we present the isolation of a Rad51/ RecA protein homolog from the archaeon Sulfolobus solfataricus, and show that this protein, RadA, possesses the characteristics of a DNA strand exchange protein: The RadA protein is a DNA-dependent ATPase, forms a nucleoprotein filament on DNA, and catalyzes DNA pairing and strand exchange.
Homologous recombination is a process whereby two DNA duplexes interact to transfer genetic information, thus creating new genetic linkages and rearranging segments of their DNA. Genes that are involved in homologous recombination are important for DNA repair, regulation of gene expression, and generation of genetic diversity (Kowalczykowski et al. 1994) . A central part of this process is the need for an enzyme to bring two homologous DNA molecules together and to exchange the DNA strands. This crucial function is carried out by the RecA protein in bacteria (Kowalczykowski et al. 1994) and the more recently discovered Rad51 protein in eucarya (Ogawa et al. 1993a ). Both of these proteins display striking structural and functional similarities (Story et al. 1993) : Upon ATP binding, they nucleate onto DNA to produce a highly structured nucleoprotein filament, in which the DNA is stretched extensively, making it available for homologous pairing (Ogawa et al. 1993b) .
The identification of RAD51 homologs in every eukaryote examined has supported the notion that a RecA protein-like mechanism for DNA strand exchange is ubiquitous among the Eucarya (Ogawa et al. 1993a; Heyer 1994 ) and raised the question of whether this paradigm could be true for the third domain of life, the Archaea. Sandler et al. (1996) reported the first identification and cloning of archaeal genes with significant homology to recA from three different archaeonsSulfolobus solfataricus, Methanococcus jannaschii, and Haloferax volcanii. These proteins share 42%-49% identity with one another (Sandler et al. 1996) and, interestingly, they are more similar to the eucaryotic Rad51 protein (40% amino acid identity) than to the bacterial RecA protein (20%). Deletion of the radA open reading frame in H. volcanii results in a recombinationdeficient archaeon (Woods and Dyall-Smith 1997) , providing evidence that this gene bears functional as well as structural resemblance to the RecA and Rad51 proteins. Additionally, radA homologs have been found in each of the three archaeons that have been completely sequenced to date (Bult et al. 1996; Klenk et al. 1997; Smith et al. 1997) , showing that this gene is ubiquitous among the Archaea.
Here we present the purification of a Rad51/RecA protein homolog from the hyperthermophilic, sulfur-oxidizing archaeon S. solfataricus. We show that this protein, RadA, possesses the characteristics of a DNA strand exchange protein: It is a DNA-dependent ATPase, it forms a nucleoprotein filament on DNA, it can promote the formation of joint molecules, and can catalyze homologous DNA pairing and strand exchange. All of these reactions occur at elevated temperatures similar to the conditions in which S. solfataricus lives. Thus, RadA protein defines the first DNA strand exchange protein from the Archaea.
Results

RadA protein is a DNA-dependent ATPase
Following purification to near homogeneity (∼90%), the RadA protein was tested for single-stranded DNA (ssDNA)-dependent ATP hydrolysis activity. Similar to that observed for RecA and Rad51 proteins (Cox 1990; Sung 1994) , the RadA protein hydrolyzed ATP to ADP only in the presence of both magnesium and ssDNA (Table 1) . ATP hydrolysis was less efficient in the presence of double-stranded DNA (dsDNA), and almost no hydrolysis occurred in the absence of DNA. DNA-dependent ATP hydrolysis occurred with a catalytic rate constant (k cat ) of 0.10-0.20/min exclusively at elevated temperatures (65°C, 75°C, 85°C), and very little hydrolysis occurred at 37°C. The ATPase activity is comparable to that observed for the Saccharomyces cerevisiae Rad51 protein (k cat of 0.7/min) (Sung 1994) (k cat of 30/min) (Kowalczykowski et al 1994) . RadA protein also hydrolyzed dATP with a similar efficiency and with the same DNA cofactor and temperature requirements (data not shown). The ATPase activity of RadA protein increased linearly with ssDNA concentration, until a saturation plateau was attained (Fig. 1) . At the saturation point, the apparent binding stoichiometry is 1 RadA monomer per 3 nucleotides, as observed for both RecA protein (Lauder and Kowalczykowski 1991) and Rad51 protein (Ogawa et al. 1993b; Sung 1994) .
RadA forms a nucleoprotein filament on DNA
The extended filamentous structure of RecA and Rad51 nucleoprotein filaments is a unique hallmark of this family of proteins. These protein-DNA complexes, either with ssDNA or dsDNA, show striking similarities in helicity, pitch, diameter, and extension of the axial rise per base pair of DNA involved in the complex (Ogawa et al. 1993a; Yu and Egelman 1993; Yu et al. 1995) . Complexes of purified RadA protein and pBR322 plasmid DNA were imaged by atomic force microscopy ( Fig. 2A) . The complexes have the striated appearance of a helical nucleoprotein filament. Although binding is not complete (some free DNA is visible), RadA protein binds to DNA in clusters, suggesting that it binds cooperatively to DNA, as do RecA and Rad51 proteins.
A highly ordered section is shown in Figure 2B at high magnification. For comparison, a section of a RecA protein-dsDNA complex at the same magnification is shown in Figure 2C The structural characteristics of the RadA protein-DNA complexes were compared to an equivalent RecA protein complex (Fig. 2D) . The average pitch of 60 turns from RadA protein-dsDNA filaments is 10.6 ± 1.9 nm. This is in good agreement with the pitch of the RecA nucleoprotein complexes prepared in a similar manner and imaged by atomic force microscopy (AFM), which is 10.9 ± 1.7 nm. Using electron microscopy or neutron scattering (Egelman and Stasiak 1986; DiCapua et al. 1990 ), other groups have measured a pitch of 9.0-10.0 nm for RecA protein-dsDNA filaments; however, pitches of 10.8 and 11.4 nm were also observed (Yu and Egelman 1992) . The average apparent width and height of the RadA protein-dsDNA complexes were determined to be 16.3 ± 1.7 nm and 4.4 ± 0.4 nm, respectively. These dimensions, although consistent with measurements of complexes formed by RecA protein using this technique, are different from the 10 nm diameter measured by others (Egelman and Stasiak 1986; DiCapua et al. 1990 ). The larger apparent width results from a contribution of the AFM probe diameter to the observed sample width measurement (Bustamante et al. 1992) , and the shorter height is most likely due to compression of the sample by the tapping force of the probe tip. RadA protein also increases the apparent contour length of the bound DNA. The contour length of the pBR322 plasmid DNA alone measured by AFM is consistent with the expected length based on the number of base pairs and the axial rise per base pair of B-form DNA (3.4 Å/bp). Although we observed no complexes covered completely by RadA protein, we could measure the length of the protein-bound region and the protein-free DNA. From these measurements, we estimate that RadA protein extends the axial rise per base pair to 4.6 Å/bp. For comparison, the axial rise per bp of DNA in RecA protein-dsDNA filaments was measured by AFM as 5.1 Å/bp.
RadA protein promotes DNA pairing and strand exchange
Both the ATPase activity and the filamentous structure suggest that RadA protein is a DNA strand exchange protein. To test this possibility, we employed two different assays. The first (Fig. 3 ) tested whether RadA protein could catalyze the invasion of supercoiled DNA by homologous ssDNA to form joint molecules. We examined joint molecule formation by RadA protein using a supercoiled plasmid, pBT54CN1 (a derivative of pUC19) (Tracy and Kowalczykowski 1996) , and two complementary 54-mer ssDNA oligonucleotides, SKBT16 and its complement SKBT17. Figure 3 shows that the RadA protein can promote the formation of joint molecules with both SKBT16 (rate, 4.0%/min; maximum extent, 16%) and SKBT17 (rate, 1.9%/min; maximum extent, 6%), although the reaction is significantly enhanced with SKBT16; a similar behavior was observed for RecA protein (Tracy and Kowalczykowski 1996) and for Rad51 protein (Tracy et al. 1997 ). This reaction is homology dependent (pBR322 plasmid DNA was used as the heterologous control), requires RadA protein, and is the most efficient at 65°C (data not shown).
The second pairing assay tested whether RadA protein promotes the complete exchange of DNA strands between ssDNA and homologous linear dsDNA. We used circular X174 viral ssDNA and linear duplex X174 DNA-substrates used to test RecA and Rad51 protein function ( Fig. 4; Sung 1994 ). In the RadA protein-promoted reaction, an increasing amount of nicked circular dsDNA product was formed as the reaction progressed, indicating that RadA protein can mediate complete exchange of strands between homologous DNA molecules (Fig. 4B, lanes 1-12) . This reaction is not seen at lower temperatures (37°C; data not shown) and is dependent on DNA homology (Fig. 4B, lanes 17,18) . E. coli singlestranded DNA binding (SSB) protein slightly increased the amount of nicked circular DNA produced, (17% after 90 min; Fig. 4B, lanes 1-4) but S. cerevisiae replication protein A (RPA) slightly inhibited the reaction (9% after 90 min; Fig. 4B, lanes 4-8) compared to the reaction with RadA protein alone (13% after 90 min; Fig. 4B, lanes  8-12) . Because neither SSB nor RPA protein are themselves thermostable, only their effect on presynaptic filament formation was measured, to the extent that this stimulation would persist upon the obligatory temperature shift. The magnitude of stimulation may be enhanced by a thermostable ssDNA-binding protein from the Archaea, which we have provisionally identified (Ché din et al. 1998). 
Discussion
Our results indicate that RadA protein is a member of the ubiquitous family of recombination proteins that includes the E. coli RecA protein and the S. cerevisiae Rad51 protein. RadA protein hydrolyzes ATP and promotes homologous DNA pairing and strand exchange, two properties inherent to both RecA and Rad51 proteins. The RadA protein-DNA filament is also structurally similar to the filament formed by RecA and Rad51 proteins. Based on the slower rates of both ATP hydrolysis and DNA strand exchange, and on the relatively low yield of DNA strand exchange product formed, the RadA protein behaves more similarly to the eucaryal Rad51 protein than to the bacterial RecA protein. This is consistent with the sequence data which show more homology between RadA and Rad51 proteins, and with phylogenetic analyses, which show that the Archaea and Eucarya share a more recent common ancestor than either do with Bacteria (Woese 1987; Brown and Doolittle 1995) .
At present, the yield of DNA strand exchange products produced by RadA protein is low. However, this low amount of DNA strand exchange product is likely due to the absence of a thermostable ssDNA-binding protein in our reactions. With eukaryotic proteins, it was shown that in the absence of RPA, Rad51 protein can achieve only a limited amount of pairing and DNA strand exchange (Sung 1994; Sung and Robberson 1995; Sung and Stratton 1996; Sugiyama et al. 1997) . RPA, like its prokaryotic analog SSB protein, is thought to act both at the presynaptic and postsynaptic step of DNA strand exchange. Presynaptically it stimulates the DNA strand exchange reaction by removing secondary structure of the ssDNA and allowing the formation of a contiguous presynaptic filament formed by Rad51; postsynaptically, it binds to the displaced ssDNA that is released after the DNA strands have exchanged (Kowalczykowski et al. 1994) . Our recent identification of a SSB/RPA homolog in the Archaea will enable us to assess the effects of a thermostable SSB/RPA on RadA protein-promoted DNA strand exchange and will lend further insight as to the recombination machinery in this third domain Ché din et al. 1998) .
Although the finding that RadA protein is a DNA strand exchange protein solves the question of which protein is involved in the homologous pairing phase during homologous recombination in Archaea, the genes involved in the initiation step, as well as the heteroduplex extension and resolution steps of this pathway, still remains a mystery. There are presently three archaeal genomes that have been completely sequenced (Bult et al. 1996; Klenk et al. 1997; Smith et al. 1997) . To date, a putative Schizosaccharomyces pombe rad32 homolog (a homolog of S. cerevisiae MRE11) is present in both Archaeoglobus fulgidus and Methanobacterium thermoautotrophicum (Klenk et al. 1997; Smith et al. 1997) , which lends some insight into the initiation step of recombination in the Archaea and further supports the notion that recombination in the Archaea is more eucaryal than bacterial. Interestingly, no other homologs of eucaryal recombination genes were identified in the Archaea, which explicitly suggests an important divergence from the Eucarya, especially as there are as yet no structural homologs for proteins that are important in eucaryal recombination, such as RAD52, RAD54, RAD55, RAD57, or RAD59 (Game 1993) .
The genes involved in nucleic acid metabolism reflect the shared history of the Eucarya and Archaea (Bult et al. 1996; Olsen and Woese 1997) in the sense that most of the genes involved in these processes in the archaeal cell are more homologous to eukaryotic genes than to bacterial genes. In light of this knowledge, the Archaea may afford a unique and simpler insight into the much more complex recombination apparatus (Game 1993 ) of the eukaryotic cell. Further biochemical characterization of RadA protein and genetic analysis of radA in Archaea will provide insight into an evolutionarily ''older'' re- combination process and may provide information about the development of recombination proteins in the Bacteria and Eucarya.
Materials and methods
Expression of the RadA protein in E. coli The S. solfataricus radA gene was PCR-amplified from pSJS1047, which contains a 7.6-kb SacI-HindIII genomic fragment cloned into pUC118 (Sandler et al. 1996) so that the E. coli translational start signals were fused to the first ATG after the start of the radA gene. The amplified DNA was gel-purified and treated with DNA polymerase I Klenow fragment in the presence of dNTPs to blunt the DNA ends. This DNA and pSJS582 (Sandler and Clark 1993) were restricted with HpaI and AflII. The DNAs were mixed and used to transform DH5␣-competent cells at 30°C. One transformant was saved and called pSJS1106.
We cloned the fragment of DNA from pSJS1106 containing the temperature-sensitive cI gene, the P L and P R promoters, the translational start signals, and the beginning of the S. solfataricus radA gene to a cloned copy of the radA gene on pSJS1062 (GenBank accession no. U45310). pSJS1062 was restricted completely with BglII, pSJS1106 was partially restricted with BglII, and both DNAs were further restricted with SacI. The appropriate DNA fragments were purified, mixed, treated with DNA ligase, and used to transform DH5␣-competent cells at 30°C. One plasmid was saved and called pSJS1109.
The S. solfataricus radA gene has a large proportion of codons that use A or T in the third position [the S. solfataricus genome is ∼30% GC (Gouy and Gautier 1982) ]. To avoid problems associated with poor codon usage, we overexpressed the radA gene in E. coli cells bearing the plasmid pRI952, carrying cloned copies of the tRNA genes that encode AGA, AGG arginine, and AUA isoleucine (Del Tito et al. 1995) .
Purification of RadA protein
An extract was prepared from 24 grams of E. coli strain JC10291 harboring pRI952 and pSJS1109. RadA was first precipitated with 0.8% polymin P, eluted with 150 mM ammonium sulfate, precipitated by ammonium sulfate, and redissolved in P1 buffer [200 mM NaCl, 20 mM KH 2 PO 4 (pH 6.5), 10% (vol/vol) glycerol, 0.1 mM DTT, 0.1 mM EDTA]. This was applied to a phosphocellulose column and the RadA-containing fractions were eluted in the flow through. The pool was dialyzed extensively against T1 buffer [25 mM Tris-HC (pH 7.5), 0.1 mM EDTA, 0.1 mM DTT, 10% (vol/vol) glycerol] and applied to a Mono Q column that was developed with a 350-mL, 100-700 mM NaCl gradient. The RadA protein peak (∼275 mM NaCl) was dialyzed against P2 buffer [20 mM KH 2 PO 4 (pH 7.5), 10% (vol/vol) glycerol, 0.1 mM DTT, 10 mM KCl] and applied to a hydroxylapatite column with a 40-ml, 50-500 mM KH 2 PO 4 gradient. RadA protein eluted from hydroxylapatite at 275 mM KH 2 PO 4 was dialyzed against P3 buffer [20 mM KH 2 PO 4 (pH 6.5), 25 mM EDTA, 0.1 mM DTT, 10% (vol/vol) glycerol], and applied onto a ssDNA cellulose column. RadA protein eluted at 250 mM NaCl and was then dialyzed against storage buffer [25 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 1 mM DTT, 10% (vol/vol) glycerol, 200 mM NaCl] and frozen at −80°C in 50-µl aliquots. RadA protein concentration was determined using an extinction coefficient of 16,100/M per cm at 280 nM. Figure 1 , all conditions were the same except that the amount of poly(dT) varied for each reaction. The amount of ATP hydrolyzed was determined by thin layer chromatography using PEI cellulose sheets developed in 1 M formic acid and 0.5 M LiCl (Weinstock et al. 1981) .
ATPase assays
AFM imaging
The complexes were formed as follows: RadA protein (7.5 µM) was incubated with 30 µM (nucleotides) pBR322 DNA in 25 mM Tris-acetate (pH 7.2) containing 10 mM magnesium acetate and 2.5 mM ATP at 65°C for 1 hr. NaF and Al(NO 3 ) 3 were then added to final concentrations of 5 and 0.2 mM, respectively; incubation continued for another 30 min. The reaction mixture was then applied to a Clontech S-1000 gel filtration spin column that was pre-equilibrated with incubation buffer containing NaF and Al(NO 3 ) 3 , and it was centrifuged at 1400g for 5 min at room temperature. A 20-µl aliquot of the eluate was then applied to a freshly cleaved mica surface, which was rinsed immediately with 1 ml of ultrapure water and dried with a stream of nitrogen gas. The sample surface was imaged by atomic force microscopy with a Digital Instruments Nanoscope III in air using a tapping mode with a TESP cantilever. Images were analyzed using Digital Instruments nanoscope software and NIH image. Widths of complexes were determined by viewing the complex in cross section and measuring the width at half the height.
The RecA protein-dsDNA complexes were formed using the same procedures as for RadA protein but with the following exceptions: 5 µM RecA protein was used; ATP␥S was used instead of ATP; and NaF, Al(NO 3 ) 3 , and the gel filtration of the sample were omitted.
Joint molecule formation
The ssDNA 54-mers SKBT16 and SKBT17 were labeled at their 5Ј-ends with T4 polynucleotide kinase and [␥-32 P]ATP. Reactions (40 µl final volume) containing 25 mM Tris-acetate (pH 7.5), 15 mM magnesium acetate, 1 mM ATP, 1 mM DTT, 1 µM (nucleotides) 5Ј-end-labeled SKBT16 or SKBT17, and 0.33 µM RadA protein were incubated at 65°C for 5 min, after which 18 µM (nucleotide) of supercoiled pBT54CN1 was added. Aliquots were removed at the indicated time points and deproteinized by the addition of 0.5% SDS and 1 mg/ml proteinase K, with incubation at 37°C for 10 min. Reactions with RecA protein were under the same conditions except for 4 mM magnesium acetate and incubation at 37°C. Finally, the samples were subjected to gel electrophoresis in 1% agarose gels at 1.2 V/cm. The dried gels were visualized and quantitated on a Betagen 603 ␤-particle counter.
DNA strand exchange
Reactions (60 µl final volume) containing 30 mM Tris-acetate (pH 7.5), 1 mM DTT, 50 µg/ml BSA, 20 mM magnesium acetate, 2.5 mM ATP, and 5 µM RadA protein were preincubated at 65°C for 5 min; then 15 µM (nucleotides) viral X174 ssDNA was added; and the mixture was incubated for 10 min at 65°C. Next, the temperature was decreased to 37°C, 1.0 µM SSB protein or 0.5 µM RPA was added, and the reaction incubated for an additional 10 min at 37°C. Finally, 30 µM (nucleotides) of PstIlinearized X174 dsDNA was added, and the reaction proceeded at 65°C for the times indicated. The reactions were stopped by the addition of 0.5% SDS and 1 mg/ml proteinase K, and incubated at 37°C for an additional 10 min before being subjected to electrophoresis in 1% agarose gels at 0.8 V/cm. Exonucleolytic activity was tested using 3Ј-and 5Ј-endlabeled heat-denatured or duplex pBR322 DNA. A stoichiometric amount of purified RadA was incubated with the labeled DNA at 65°C for 90 min, and the amount of TCA-soluble counts were measured by a Beckman LS6000IC scintillation counter (Eichler and Lehman 1977) . The percentage of TCA-soluble fragments for either 5Ј-or 3Ј-end labeled pBR322 ssDNA or dsDNA was <4% after 90 min.
